We report the sequence of a Borna disease virus clone (pBDV-40) that encodes a 40-kDa protein (p40) found in the nuclei of infected cells. Comparative sequence analysis indicates that p40 is distantly similar to two different regions in the L-polymerase proteins encoded by paramyxoviruses and rhabdoviruses. The p40 sequence similarity indicates a previously undetected duplication in these viral polymerases. Phylogenetic reconstruction suggests that the gene that encodes p40 last shared a common ancestor with these viral polymerase genes prior to the duplication event. These findings support the hypothesis that Borna disease virus is a negative-strand RNA virus and suggest that p40 is involved in transcription and/or replication. The discovery of a duplication within the polymerase proteins of paramyxoviruses and rhabdoviruses has profound implications for the mapping of enzymatic activities within these multifunctional proteins.
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Borna disease (BD) is a naturally occurring immunemediated neurologic disease of horses and sheep caused by infection with an RNA virus, BD virus (BDV) (10, 24, 25) . The experimental host range for BDV includes birds, rodents, and primates (25) . Antibodies reactive with BDV proteins have been described in patients with bipolar depression (2, 33) , schizophrenia (33) , and AIDS encephalopathy (4) , suggesting that BDV, or a related infectious agent, is pathogenic in humans.
Although BD was described in the early 1800s, BDV, the infectious agent that induces the disease, remains unclassified. BDV has been refractory to classical methods of virus purification (25) . Isolation of BDV cDNA clones has been critical in demonstrating that BD is due to infection, that the infectious agent contains nucleic acids, and that the 24-and 40-kDa proteins associated with BD are encoded by the infectious agent (24) . Little is known about the molecular biology of the BDV infectious cycle. BDV transcribes its mRNAs in the nuclei of infected cells (6, 10) , and p40 is frequently isolated in association with p24 (3) . Biochemical and molecular studies have indicated that the BDV genome is a single-stranded RNA between 8.5 (10, 24) and 10 (32, 36) kb long. The designation of BDV genome polarity has been controversial: we have proposed that it is negative stranded (10, 24) ; others have suggested that it is positive stranded (32, 36) .
Rhabdoviridae, Paramyxoviridae, and Filoviridae are RNA enveloped viruses with nonsegmented genomes of negative polarity constituting the order Mononegavirales. Basic features of genome organization and analogous protein function are common among these families and support a shared evolutionary history (14, 19) . Gene order for the rhabdovirus genome is 3'-NP-P-G-L-5', and that of the paramyxoviruses is 3'-NP-P(C/V)-M-F-HN-L-5' (14 The strategy used to detect the relationships between the p40 and L-polymerase sequences consisted of four stages: sensitive data base screening, initial pairwise alignment, multiple alignment, and manual refinement (26, 28) . The data base screening was performed by using the original Basic Local Alignment Search Tool (gBLAST) that allows for extensions containing gaps (source code provided by E. W. Myers) (1) . The gBLAST program retrieves many sequences that are clearly unrelated to the probe sequence, and biological knowledge is necessary to distinguish potential relationships from this high background. On the basis of small regions of identity found by gBLAST, segments equivalent in size to the p40 sequence were cut from the rhabdovirus
TTT TAC GGG GAA AAG ACA ACA CAG CGT GAT CTC ACC GAG CTG GAG ATC TCC TCT ATA +369
TTC AGC CAT TGT TGC TCA TTA CTA ATT GGG GTT GTG ATA GGA TCG TCA TCT AAG ATT +426
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TAT GCG CAG ATG ACT ACG TAC ACT ACT ATA AAG GAG TAC CTC GCA GAA TGT ATG GAT +711 (13) . The scoring matrices employed were the unitary matrix and the minimum-mutation matrix (8, 34) . Progressive multiple alignments were generated with a user-specified weighting option set at a value of 2 (12). Phylogenetic reconstruction was conducted by using a method that finds the most parsimonious tree on the basis of the multiple alignment (15, 17) . The tree on which the fewest nucleotide substitutions are required to account for all of the amino acid differences among the input sequences aligned is then corrected for missing nucleotide substitutions. This correction may underestimate the total number of substitutions, but it does not bias the relative rates of substitution (16) .
Nucleotide sequence accession number. The BDV p40 gene sequence (see Fig. 1 along both strands. The two clones are identical in sequence. Each has a translation initiation signal (20) and encodes a 357-residue protein with a predicted molecular mass of 39.5 kDa. The amino acid sequence contains a positively charged 5-amino-acid residue region consistent with a nuclear targeting signal (7) (Fig. 1, boxed residues) . The inferred protein sequence is similar to a BDV p40 microsequence extracted from BD rat brain tissue (Fig. 1, underlined residues) (11) .
In vitro transcription-translation of clone pBDV40. To confirm the size of the inferred protein, coupled in vitro transcription-translation experiments were performed by using clone pBDV-40 as a transcription template. Poly(A)+ RNA from normal rat brain and BD rat brain tissues were translated in vitro as controls. Protein products were immunoprecipitated with serum from normal or BD rats and analyzed by SDS-PAGE and autoradiography. Both clone pBDV-40 template RNA and poly(A)+ RNA from BD rat brain tissue directed translation of a 40-kDa protein that was specifically immunoprecipitated by serum from BD rats. Normal rat brain poly(A)+ RNA translation products were not immunoprecipitated by serum from BD rats. Normal rat serum did not precipitate translation products (Fig. 2) . (Fig. 3) . Each branch number indicates the number of nucleotide substitutions required in the descent from the ancestral node to each tip. The black oval indicates the duplication event that gave rise to the paralogous segments of the L gene of paramyxoviruses and rhabdoviruses prior to their divergence from one another. All abbreviations are as in Fig. 3 . The numbers indicate duplications I and II, respectively. VOL. 66, 1992 Analysis of p40 sequence. The nonredundant data base was searched with the p40 sequence by using gBLAST (see Materials and Methods). The L-polymerase proteins of paramyxo-and rhabdoviruses were the only viral sequences consistently retrieved by the program. Protein sequences of positive-strand RNA viruses were not found to have any similarities to p40 at the level detected by gBLAST.
Two different regions in the L-polymerases of the two negative-strand RNA virus families are similar to the p40 protein sequence. Expansion of each region of similarity between the polymerase and p40 sequences was carried out by generating a multiple alignment (12) . A block of residues is considered a motif when the p40 sequence is identical to at least two residues within each set of rhabdovirus and paramyxovirus sequences in each duplication. Most of the sequences analyzed exhibited conservation of motifs in a specific order (Fig. 3, regions 1 to 9 ). Region 1 and the central part of region 6 are highly conserved among the paramyxo-and rhabdoviruses in the region we designated duplication I (35) .
The duplication detected by the p40 protein sequence probe indicated a previously undetected relationship within the large negative-strand RNA polymerases. The L gene of both vesicular stomatitis virus (VSV) and rabies virus contains two distinct regions with distant similarity to the feline sarcoma virus oncogene product (FES) and the plateletderived growth factor receptor (PDGF-R) tyrosine kinase proteins, respectively (28) . Only serine kinase activity has been reported for the rhabdoviruses; however, it has recently been demonstrated that several protein sequences resembling serine-threonine kinases phosphorylate tyrosine residues (23) . Duplication I is proximal to the FES-like segment, while duplication II is distal to this segment, overlapping the PDGFR-like kinase region (Fig. 4) . The paramyxoviruses also contain distantly similar kinase-like sequences in analogous positions (27) . The overlapping portion of p40 does not contain the residues conserved in the kinase domains (18) .
Our data also indicate that an internal duplication event occurred in the duplication I segment of the ancestral paramyxovirus L-polymerase gene and that an even smaller duplication occurred subsequent to the divergence of respiratory syncytial virus (Fig. 3, boxed segments) . The aspartic acid residue conserved in the larger of the two duplications is suggested to be involved in the catalytic site of the paramyxovirus polymerase (Fig. 3, asterisks) (31) .
The regions conserved between duplications I and II for both paramyxovirus and rhabdovirus begin to define the residues that may play a role in L-polymerase functions (Fig.  3, shaded columns) . Motifs that are conserved between duplications I and II and p40 are good candidates for residues involved in enzymatic functions that have been conserved since the divergence of these sequences from one another (Fig. 3, regions 1 to 9) .
The phylogenetic tree, based on the multiple alignment illustrated in Fig. 3 , exhibits topological congruency for the lineages of the duplication I and II segments (Fig. 5 ). This topology is in agreement with a consensus phylogenetic tree derived from the L gene sequences of paramyxovirus and rhabdovirus (35) . The sequence analysis suggests that p40 last shared a common ancestor with the rhabdovirus and paramyxovirus sequences prior to the duplication event that gave rise to the extant polymerase genes (Fig. 5) . If this hypothesis is correct, p40 should be a mosaic of duplications I and II; i.e., some regions of p40 should resemble duplication I, while others should resemble duplication II, owing to chance exploration of alternative sequence space (Fig. 3 , vertical bars).
DISCUSSION
We have isolated and sequenced a BDV-specific cDNA from a BD-infected rat brain plasmid library. The inferred protein sequence predicts a 39.5-kDa protein, and in vitro transcription-translation studies confirm that clone pBDV-40 does encode a 40-kDa protein ( Fig. 1 and 2) .
A search of the nonredundant protein sequence data base revealed a similarity between the inferred p40 sequence of BDV and the L-polymerase proteins of paramyxoviruses and rhabdoviruses. This relationship defines a duplicated region within the polymerase genes (Fig. 3) . Duplications I and II are located distal and proximal, respectively, to the FES-like kinase sequences of the VSV polymerase (Fig. 4) . Phylogenetic reconstruction indicates that p40 last shared a common ancestor with the rhabdovirus and paramyxovirus polymerase genes prior to the event that gave rise to the paralogous portions of these proteins (Fig. 5) .
Little is known about the distribution of enzymatic functions along the L-polymerase proteins. It has been suggested that viral RNA-dependent RNA polymerases and reverse transcriptase proteins share a common ancestry on the basis of the conservation of four putative motifs, each of which conserves only one amino acid (9, 31) . Three of these conserved residues (aspartic acid, glycine, and aspartic acid) are found in the consensus context in the L-polymerase proteins of paramyxoviruses and rhabdoviruses (Fig. 3,  asterisks) . Functional studies of reverse transcriptase demonstrated that the two aspartic acid residues are essential to polymerase activity and cannot be substituted by glutamic acid (5, 22) . It has been suggested that the presence of these residues in the L-polymerase of negative-strand RNA viruses defines the site of polymerase activity (9, 31, 35) . This model suggests that p40 is unlikely to be a polymerase because aspartic acid residues are not found in the appropriate positions (Fig. 3, asterisks) . There is no direct evidence, however, to indicate that the duplication I region is the site of polymerase activity. If p40 is a viral polymerase, as sequence similarities to the L-polymerase proteins suggest, it is necessary to consider a new model for the site of polymerase activity in paramyxoviruses and rhabdoviruses.
One or more of the conserved motifs we have described may be the active site.
The identification of a duplicated region within the paramyxovirus and rhabdovirus L-polymerase genes raises the possibility that one duplication provides the replication function (i.e., readthrough of termination signals) while the other acts as the transcriptase. Another possibility is that the encoded proteins fold so that the duplications act in concert with one another like a double-domain protein providing both replication and transcriptase functions. By analogy, p40 would be predicted to act as a dimer. Although the role of p40 in the virus life cycle remains to be determined, its nuclear localization and sequence similarity to the rhabdovirus and paramyxovirus polymerase sequences suggest that it is likely to function as a polymerase and that BDV is likely to be related to the order Mononegavirales.
